Soil microbial diversity is often studied from the perspective of community 12 composition, but less is known about genetic heterogeneity within species and how population 13 structures are affected by dispersal, recombination, and selection. Genomic inferences about 14 population structure can be made using the millions of sequencing reads that are assembled de 15 novo into consensus genomes from metagenomes, as each read pair describes a short genomic 16 sequence from a cell in the population. Here we track genome-wide population genetic variation 17 for 19 highly abundant bacterial species sampled from across a grassland meadow. Genomic 18 nucleotide identity of assembled genomes was significantly associated with local geography for 19 half of the populations studied, and for a majority of populations within-sample nucleotide 20 diversity could often be as high as meadow-wide nucleotide diversity. Genes involved in specialized 21 metabolite biosynthesis and extracellular transport were characterized by elevated genetic diversity 22 in multiple species. Microbial populations displayed varying degrees of homologous recombination 23 and recombinant variants were often detected at 7-36% of loci genome-wide. Within multiple 24 populations we identified genes with unusually high site-specific differentiation of alleles, fewer 25 recombinant events, and lower nucleotide diversity, suggesting recent selective sweeps for gene 26 variants. Taken together, these results indicate that recombination and gene-specific selection 27 commonly shape local soil bacterial genetic variation. 28 29 31
Introduction

30
Soil microbial communities play key biogeochemical roles in terrestrial ecosystems (Fierer 2017) . gous recombination frequently occurs in bacteria populations, both globally and locally (González- 
Results and Discussion
Bacterial allele frequencies within populations are spatially organized across a 92 grassland meadow 93 Previously, 60 soil samples were collected at depths of 10-20, 20-30, and 30-40 cm from within six 94 10 m diameter plots (see Methods). Samples were collected over a period of three months (Fig 1a) . 95 Sampling plots were arranged in blocks of two plots, and one of the two plots in each block received 96 extended spring rainfall ((Suttle et al. 2007 ).
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Armatimonadetes_ANG_6837 ANGP1_ANG_10556 1b) . We observed a sharp decrease in pairwise ANI for all of the genomes from the meadow clusters with at least 12 genomes estimated to be >80% complete with <10% contamination for 108 population genetics analysis. The final set comprised 467 genomes from 19 widespread populations 109 (312 genomes are estimated to be >90% complete; Supplementary Table S1 ). 110 The bacterial species in this set included many commonly reported highly abundant soil bacteria 111 from phyla including Chloroflexi, Acidobacteria, Verrucomicrobia, and Rokubacteria, which are 112 known to be abundant globally in soils (Fierer 2017; Bergmann 2011), but remain understudied. 113 Most of the species in this set were likely novel at the taxonomic rank of class, and one likely 114 represents a novel candidate phylum tentatively designated ANGP1 (Diamond et al. 2019) . Based 115 on measurement of the relative abundance of each population across the entire meadow, these bac- 116 teria are some of the most abundant species in the soil, although no individual species contributed 117 >1% of the DNA in a sample (Figure 1c) . 118 For each of the 19 meadow-wide populations, we tested to see if the proximity of sampling 119 sites within meadow plots predicted genetic similarity of the assembled genomes (PERMANOVA; 120 FDR<=5%; adjusted p<=0.05). Further, we tested if samples collected from the same soil depth were 121 more similar than those collected from different depths. We found that the genetic variation of 122 genomes from 12 of the 19 populations were significantly associated with sampling plot, and that 123 genetic variation within 5 of the 19 populations were significantly associated with sampling depth 124 (Fig 2a) . Non-metric multidimensional scalings of the nucleotide identity matrices of genomes from 125 each population showed clear associations with both plot of origin and depth (Fig 2b) . Because 155 We chose to measure nucleotide diversity because (1) it is less sensitive to large changes in coverage 156 (Fig S1) , (2) it can be calculated both for a single site and averaged over genes or windows, and 157 (3) it considers not only the number of SNPs but also their frequencies in the population. We 158 found a wide range of per-gene nucleotide diversity values for the 19 different populations ( Fig   159   3a ). Because nucleotide diversity is less sensitive to changes in coverage, we could use it to track 160 how genetic diversity changes with distance across the meadow. We calculated nucleotide diversity 161 in pooled mapped reads for each population sampled from the same location and soil depth, 162 within plot, within block (pairs of plots), and across the entire meadow for each species (Fig 3a) . 163 Although nucleotide diversity tends to be higher at the meadow scale compared to the sample 164 scale, the genetic diversity within some samples was comparable to that across the entire meadow 165 for many populations, indicating that in some cases high genetic diversity persists within soils even 166 at the centimeter scale. This implies that although there are shifts in allele frequencies across the 167 plots within the meadow, within each 10 g sample of soil many alternative alleles are frequently 168 encountered, and extensive gene variant dispersal occurs across the meadow. 169 In almost all populations, the ribosomal genes consistently had lower genetic diversity than 170 the average genes in the genome, consistent with these genes being strongly conserved and 171 under higher purifying selection (Jordan et al. 2002) (Fig 3a) . Conversely, biosynthetic genes 172 involved in the production of small molecules, annotated with antiSMASH (Blin et al. 2017), were 173 found to have significantly higher genetic diversity than the genomic average in Chloroflexi, two 174 Gemmatimonadetes species and one Acidobacteria species (Fig 3a) . Examining the most genetically 175 diverse genes within each population (Fig 3b) , we find that genes for extracellular transport were 176 highly represented, along with polyketide cyclases, transposases, proteases, and a type 2 secretion 177 system pilus gene. Therefore, these genes involved in extracellular uptake, sensing, and interaction 178 may likely be experiencing local selective pressures for diversification across soil microbial species. 179 5 of 25 recombination, we observed the r 2 metric of linkage disequilibrium decay as the genomic distance 188 between two polymorphisms increased (Fig S2) . In the less genetically diverse populations (Fig 4a) , 189 there was a noticeable higher r 2 of synonymous variants linked to other synonymous variants than populations, this ratio shifts towards nonsynonymous polymorphisms (r 2 ) having higher r 2 than 195 synonymous (r 2 ) (Fig 4b) . One recent study reported a similar positive r -r ratio as a signature of analyzed here, the genomic average r 2 /r 2 ratio was greater than 1 (Fig 4c) , The relationship between nucleotide diversity and r 2 /r 2 . The mean nucleotide diversity and the mean ratio of the linkage of nonsynonymous-nonsynonymous vs synonymous-synoymous pairs of mutations across species is shown. The size of each point represents the mean D' value for that species. A linear regression is shown (linear regression; R 2 =0.29; p=0.009). (d) The relationship between mean r 2 and mean D' across the 19 bacterial populations studied. Genomes with evidence for multiple operonic competence related genes are labeled in green. A linear regression model is shown (F-statistic: 11.9, Adjusted R 2 : 0.38, p=0.003).
Although r 2 is often used as a signal to identify the presence or absence of recombination, r 2 only occur in the presence of recombination or recurrent mutation. Generally, we found that 208 average D' for a population linearly correlated with mean r 2 (Fig 4d) . Deviation from a linear 209 relationship between r 2 and D' (observed for three populations) could also be explained by rates of 210 recombination being high and clonal diversity being low or vice versa. Inspection of the distribution 211 of pairs of SNPs separated by <~1 kbp revealed that 3 of 4 possible haplotypes is most common, 212 but there was detection of all four possible biallelic haplotype combinations (D' < 1), at 7% to 36% 213 of all site pairs in each population ( Fig S3) . The observed frequencies of the least common of the 214 four SNP combinations also were higher than expected based on sequencing error, although much 215 less frequent than expected from linkage equilibrium, as evidenced by mean D' values above 0.8. 216 Nonetheless, the extensive appearance of D' <1 at a significant fraction of loci, along with a signal 217 of linkage decay with genomic distance across all populations, provides firm evidence for ongoing 218 processes of within population homologous recombination, albeit to different degrees between 219 organisms. 220 Given evidence for recent homologous recombination, we searched the genomes for genes that Supplementary Table S3 ). We found that 224 presence of a ComEC homolog with multiple adjacent operonic recombination-related genes was 225 strongly associated with the lowest values of D' (Fig 4d) . Thus, it is likely that natural competence is 226 a common mechanism that facilitates homologous recombination for abundant soil bacteria. non-synonymous variants also had consistently higher values of D' than synonymous variants. 238 Further, as genome wide D' decreased (more recombination), the degree to which non-synonymous 239 variants were more linked than synonymous (D' /D' ) increased (Fig S6-S7) . As recombination, frequencies from the three meadow blocks for every species-group (Fig 1b) . For most populations, 250 mean gene F values were low, <5%, consistent with dispersal of most alleles between blocks (Fig   251   S8 ). For only a minority of populations, mean gene F values were consistently >10%, indicating 252 that there was significant geographic organization of genetic structure at most loci across the 253 genome. Therefore, while the total variation in genome-wide major consensus alleles is often well 254 explained by meadow geography, most individual alleles have a high chance of being found at fairly 255 similar frequencies across the meadow. 256 When specific loci are characterized by significantly higher F than the background average for 257 the genome, it is characteristic of geographic location-specific selective pressures acting on that 258 locus. To identify genomic regions of unexpectedly high F , we scanned over a moving 5 gene 259 window and tested if the mean genetic diversity of that region had an F greater than 2.5 standard 260 deviations above the genomic mean (Fig S9) . We removed genes with abnormally low coverage in 261 either block from this analysis. To define the length of the genomic region with elevated F values, we extended successful windows until the mean F fell below this cutoff. This test identified a 263 number of regions of high F within some microbial genomes, despite those genomes having low 264 average F (Fig 5a) . To further test for evidence of recent selection at these loci we looked for a 265 statistically significant average increase in linkage and a significant change in nucleotide diversity 266 compared to the genomic average in one or both of the blocks. We noticed that both signals of 267 purifying selection (characterized by low N:S ratios) and a reduction in genomic coverage (potentially 268 indicating gene loss in some portion of the population) often correlated with low nucleotide diversity 269 in genomic regions, and based on this, caution against identifying gene-specific selective sweeps in 270 metagenomic data based solely on a reduction in nucleotide diversity or SNP frequency. While we 271 found many loci with unusual F or strong changes in nucleotide diversity, our stringent criteria 272 narrowed those sets down to 8 high F loci with significantly increased rates of linkage compared 273 to the genomic background (Fig 5c) . These loci also had significant changes in nucleotide diversity 274 within blocks when compared to their genomic averages (Fig 5b and 5c) . All of these loci showed 275 decreases in genetic diversity, consistent with selective sweep events in one or multiple meadow 276 blocks. These loci also genes had higher N:S ratios than genomic averages, possibly consistent with 277 either recent selection acting on beneficial nonsynonymous mutations or a local accumulation of 278 slightly deleterious nonsynonymous genetic hitchhikers. 279 The loci with evidence of recent differential selection across the meadow commonly contained 280 transporter genes (Fig 5c, Supplementary Table S4 ), which could indicate selective pressures for 281 uptake of different compounds between sites. A Verrucomicrobia population also showed evidence Sampling, genome sequencing, and metagenomic assembly 321 The sampling scheme, local soil characteristics, and study design that were utilized in this analysis 322 have been previously described (Diamond et al. 2019) . The 60 soil cores were sampled within the 6 323 plots, each 10 meters in diameter, over a period of two months before and following autumn rainfall. 324 Every plot was directly adjacent to a paired plot (forming a "block"). Briefly, DNA was extracted from (meadow-wide, Fig 3) and 371 nucleotide diversity within each of the three sampling blocks (block-wide, Fig 5) was analyzed.
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SNPs were called on the combined meadow-wide population set of filtered reads. We con-373 structed a simple null model based on an error rate of 0.01% (the Phred 30 cutoff) and simulated simple sampling with replacement to construct estimated rates of erroneous SNP counts at pileups 375 of varying coverages. Positions with an alternative allele that occurred with counts that had a false 376 positive rate of~10 −6 with the given coverage of that site in the null model and a minimum allele 377 frequency (MAF) of 5% were called as SNPs. Because meadow-wide coverages were at least 224x 378 (and ranged up to 908x) the MAF cutoff alone would likely be a stringent cutoff for Phred 30 error 379 rates. SNPs were assigned as synonymous or non-synonymous using a custom BioPython script 380 and the gene calls annotated by Prodigal.
381
Linkage disequilibrium, FST, and tests for selection 382 Linkage was calculated for all pairs of segregating sites that were spanned by at least 30 read pairs 383 with high quality base pair data. r 2 and D' linkages were calculated using formulas described by 
